Introduction
============

Antibodies are a well-established class of biologic affinity reagents with a range of therapeutic applications against cancer, and infectious and inflammatory diseases [@B1]. The selective, high affinity binding of antibodies to their targets makes them attractive as nuclear or image-guided surgery probes upon conjugation to a radioisotope [@B2] or a near infrared (NIR) fluorescent dye [@B3], respectively. Antibodies have a long circulation time due to the interaction of their crystallizable fragment (Fc) with the neonatal Fc receptor (FcRn) on endothelial cells and pH-dependent recycling of antibodies back to circulation [@B4],[@B5]. This long circulation time makes antibodies optimally-suited for therapeutic applications. Labeling a therapeutic antibody allows real-time tracking of its biodistribution, which can be used to predict therapeutic response. For example, objective responses to trastuzumab therapy were reported in patients who showed intense tumor uptake of ^111^In-trastuzumab [@B6], and ^89^Zr-lumretuzumab was used to determine biodistribution in patients before and after receiving a pharmacodynamic-active unlabeled lumretuzumab dose [@B7]. Using antibodies for imaging applications often requires probes with faster clearance and tissue penetration to increase imaging contrast. Extensive research on antibody structure and function has provided a wealth of knowledge on how to engineer antibodies with unique properties that are more suitable for imaging applications [@B8]. Antibodies can be re-engineered into various-sized fragments with or without the Fc domain to overcome some of the limitations in using them as imaging probes. Antibody fragments that lack an Fc domain have shorter blood circulation times and avoid the Fc-mediated immune effector function [@B9]. Antibody size can be reduced to promote clearance through the kidney [@B10] and to increase tissue penetration in solid tumors [@B9]. Computational studies comparing tumor uptake of sets of antibody fragments show a complex relationship between antibody fragment size and tumor targeting where fragments \~25 kDa have the lowest tumor uptake, with smaller and larger fragments having higher tumor uptake [@B11]. Several groups have shown similar results experimentally for small sets of different-sized fragments [@B12]-[@B20].

A number of studies have been published that directly compare specific antibody fragments. Fabs have been compared to IgGs, showing that Fabs have lower binding affinity and faster blood clearance [@B12]-[@B14]. Monovalent single-chain variable fragments (scFvs) have been compared to the bivalent diabody; results indicated that the increased valency results in higher avidity and tumor localization [@B15]-[@B17]. The diabody has been compared to the bivalent scFv-C~H~3, in these studies both antibody fragments accumulated in xenografts with scFv-C~H~3 giving higher tumor signal than the diabody [@B18],[@B19]. scFv-Fc with a mutated Fc domain that facilitates rapid clearance relative to scFv-Fc has been compared to scFv-C~H~3 and the mutated scFv-Fc showed improved tumor targeting and less kidney distribution [@B20].

Here, we examined the effect of size, valency, and the presence of an Fc domain on tumor accumulation and imaging parameters using a set of six anti-human epidermal growth factor receptor 3 (HER3) antibody-derived imaging probes. HER3 overexpression is correlated with poor survival of patients with solid tumors [@B21], particularly in gastric cancer [@B22], colorectal cancer [@B23], ovarian cancer [@B24], and non-small cell lung carcinomas [@B25]. HER2/HER3 heterodimer is associated with resistance to anti-HER2 therapies [@B26],[@B27]. HER3 imaging probes are needed for detecting HER3 expression, detecting resistance to anti-HER2 therapeutics, identifying patients eligible for combination therapy of HER receptor inhibitors, and predicting patient survival.

Currently there are no HER3 imaging probes in the clinic. A few imaging probes are under development and are at various stages of pre-clinical research or clinical trials. A phase one clinical trial has concluded for GSK2849330, an anti-HER3 monoclonal antibody, labeled with ^89^Zr to investigate its biodistribution in patients with HER3-positive solid tumors using positron emission tomography (PET) scans (NCT02345174) [@B28]. Similarly, the biodistribution of ^89^Zr-labeled lumretuzumab (RG7116, RO5479599), a glycoengineered antibody against HER3, has been tested in patients with metastatic and/or locally advanced malignant HER3-expressing solid tumors of epithelial origin by PET scans (NCT01482377) [@B7]. A phase one clinical trial of patritumab (U3-1287), an anti-HER3 monoclonal antibody, conjugated to ^64^Cu-DOTA in subjects with advanced solid tumors had to be terminated due to relatively low tumor uptake (NCT01479023) [@B29]. Pre-clinical studies are ongoing to develop anti-HER3 imaging probes, including ^89^Zr-labeled Mab\#58, which shows accumulation in xenografts expressing HER3 in mice [@B30]. These HER3 imaging probes in preclinical studies or in clinical trials use antibodies, which suffer from the imaging limitations described above.

Several smaller antibody fragments are being developed for imaging HER3. An anti-HER3 ^99m^Tc-labeled affibody shows some accumulation in colorectal carcinoma LS174T xenografts expressing HER3 [@B31]. ^68^Ga-labeled anti-HER3 affibody shows some xenograft accumulation at early time points in mice bearing BT474 breast cancer xenografts [@B32]. An anti-HER3 affibody labeled with aluminum ^18^F shows accumulation in HER3-expressing MCF-7 breast cancer xenografts in mice at 1 hour post injection (hpi) [@B33]. Affibodies tend to accumulate in xenografts at very early time points (1-3 hpi) when the kidney excretion is at its maximum (at least twenty-fold higher percent injected dose per gram (%ID/g) in kidneys compared to xenograft). Additionally, the %ID/g that accumulates in xenografts is usually less than 5%ID/g [@B31]-[@B33].

To address the current lack of HER3 imaging probes in the clinic and the limited variety of imaging probes at the preclinical stage, we engineered an anti-HER3 Fab [@B34] into the following five antibody-based imaging probes of varying sizes: scFv (26.4 kDa), diabody (51.6 kDa), scFv-C~H~3 (80.2 kDa), scFv-Fc (105.0 kDa), and IgG (150.6 kDa). We carried out a direct comparison of these fragments as fluorescent imaging probes for HER3-expressing xenografts. We labeled antibody fragments with NIR IRDye800CW and compared their biodistribution in mice bearing HER3-expressing xenografts. The results suggest that antibody fragments can be engineered with properties tailored for image-guided surgery and PET/SPECT imaging.

Methods
=======

Conversion of Anti-HER3 Fab to scFv
-----------------------------------

To assemble the variable domains of the anti-HER3 Fab [@B34] into antibody fragments, we used the Gene Splicing by Overlap Extension or "gene SOEing" polymerase chain reaction (PCR) method [@B35]. Anti-HER3 V~L~ and V~H~ genes were PCR-amplified and assembled by gene SOEing to produce an scFv with a 15 amino acid linker (GGGGS)~3~ [@B36] in the V~L~-V~H~ orientation. To produce the diabody fragment, we used a short 5 amino acid linker (GGGGS) between the V~L~ and V~H~ domains [@B37]. scFv and diabody were cloned into pCW-LIC vector for bacterial expression under the influence of upstream StII (heat-stable enterotoxin 2) secretion sequence [@B38].

Expression and purification of Anti-HER3 Fab, scFv and diabody
--------------------------------------------------------------

pCW-LIC vectors expressing anti-HER3 Fab, scFv, and diabody were transformed into BL21 (DE3) *E. coli* by electroporation. Anti-HER3 Fab, scFv, and diabody were expressed and purified as described previously [@B34]. Purified antibody fragments were sterilized by filtration through a 0.22 μm sterile syringe filter and stored at 4 °C for short-term storage or at -80 °C for long term storage. Antibody fragment concentration was quantified by measuring absorbance at 280 nm and verified using the BCA protein assay kit (Pierce, Rockford, IL). The extinction coefficient was determined using the Expasy protparam tool available on the web ([www.expasy.org/tools/protparam.html](http://www.expasy.org/tools/protparam.html)). Amino acid sequences of antibody fragments are listed in **Table [S1](#SM0){ref-type="supplementary-material"}**.

Conversion of Anti-HER3 scFv to scFv-Fc, scFv-C~H~3, and IgG
------------------------------------------------------------

The C~H~3 domain with hinge region (C~H~3-hinge) or C~H~3-C~H~2-hinge (Fc) from human IgG1 were PCR amplified from pFUSEss-CHIg-hG1 mammalian expression vector (InvivoGen, San Diego, CA) using primers that contain overlapping sequences with anti-HER3 scFv and then assembled into scFv-C~H~3 or scFv-Fc using gene SOEing [@B35]. Amplicons were cloned into pFUSEss-CHIg-hG1 vector digested with EcoRI and Nsi (Thermo Fisher Scientific) using Gibson Assembly™ master mix (New England Biolabs, Inc., Ipswich, MA). Anti-HER3 IgG1 expression vector was constructed by PCR amplifying V~H~ and V~L~ sequences and cloning them into EcoRI/NheI and EcoRI/BsiWI restriction sites in pFUSEss-CHIg-hG1 and pFUSE2ss-CLIg-hk (InvivoGen, San Diego, CA), respectively using Gibson Assembly™ protocol.

Expression and purification of Anti-HER3 scFv-C~H~3, scFv-Fc, and IgG1
----------------------------------------------------------------------

Expi293F cells (Life Technologies Corporation, Carlsbad, CA) were cultured in Expi293 Expression Medium (Life Technologies Corporation, Grand Island, NY). Expi293F cells were transfected using an Expifectamine 293 Transfection kit (Gibco, Carlsbad, CA), following the manufacturer\'s protocol. Cells were cultured for 5 days after transfection by shaking at 250 rpm in a 37 °C incubator with 8% CO~2~. IgG and antibody fragments were harvested from supernatant by centrifugation at 3,000 ×g for 20 min and filtered using a 0.45 μm filter. scFv-C~H~3 was purified using GE Healthcare AKTA FPLC system with HiTrap Protein L column (GE healthcare, Sweden). scFv-Fc and IgG1 were purified using HiTrap MabSelect SuRe column (GE healthcare, Sweden). Further purification was performed as described for antibody fragments expressed in *E. Coli.* Protein sequences of antibody fragments are listed in **Table [S1](#SM0){ref-type="supplementary-material"}**.

Capillary electrophoresis analysis of Anti-HER3 IgG and antibody fragments
--------------------------------------------------------------------------

Chip-based capillary electrophoresis-sodium-dodecyl sulfate (CE-SDS) analysis was used to analyze purified fragments using the Agilent 2100 Bioanalyzer with the Agilent High Sensitivity Protein 250 Kit (cat \# 5067-1575) under reducing conditions. Samples were diluted to 1 mg/mL and analyzed following the manufacturer\'s protocol. The size and relative peak area were calculated using Agilent 2100 Expert software.

Binding kinetics of Anti-HER3 IgG and antibody fragments to recombinant HER3
----------------------------------------------------------------------------

Binding kinetics were measured using an Octet Red instrument (ForteBio, Menlo Park, CA), following the manufacturer\'s protocol. Binding assays were performed in 96-well microtiter plates at 30 °C with sample plate orbital motion agitation at 1000 rpm. All washes, dilutions, and measurements were performed in phosphate buffered saline (PBS), pH 7.4. The IgG and antibody fragments were immobilized on amine-reactive second generation (AR2G) sensors using the manufacturer\'s protocol at pH 5 followed by quenching with 1 M ethanolamine, pH 8.5. Recombinant human HER3-Fc chimera protein target (R&D Systems, Minneapolis, MN) was serially diluted between 10-263 nM in PBS and placed in different wells. Binding was monitored by placing sensors into wells for 5 min, followed by dissociation in PBS for 10 min. K~D~, k~ON~, and k~OFF~ were determined with ForteBio Data Analysis software v7.1.0.33 through locally fitting the processed data using a 1:1 binding model.

Labeling of IgG and antibody fragments
--------------------------------------

Antibody fragments were labeled with IRDye800CW-NHS (LI-COR Biosciences, Lincoln, NE), following the manufacturer\'s protocol. Briefly, the IgG and antibody fragments in PBS, pH 7.4 were mixed with 5-fold molar excess of IRDye800CW-NHS in DMSO and reacted for 2 h at 20 °C, followed by overnight incubation at 4 °C protected from light. Excess unbound dye was removed using Zeba Spin Desalting Columns, 5 mL, 7k MWCO (Thermo Scientific). After the free dye was removed, the dye to protein ratio was determined by measuring the labeled protein absorbance in PBS at 280 nm and 774 nm as per the manufacturer\'s recommendation [@B39]. Samples were sterilized by filtration and stored protected from light at 4 °C for short-term storage or at -80 °C for long-term storage.

Cell lines
----------

The HER3-positive human hypopharyngeal squamous cell carcinoma FaDu cell line (ATCC \#HTB-43) was propagated by serial passage in MEM/EBSS medium (HyClone Laboratories, Logan UT) supplemented with 10% fetal bovine serum. Trastuzumab-resistant human breast cancer cell line (TrR1) derived from MDA-MB-231 that stably expresses HER2 was obtained from Dr. Robert Kerbel, Sunnybrook and Women\'s College Health Sciences Centre in Toronto, Ontario, Canada [@B40]. TrR1 cells were cultured in Dulbecco\'s minimal essential medium (DMEM) supplemented with 10% fetal bovine serum (Sigma-Aldrich). Both cell lines were grown at 37 °C in a humidified atmosphere of 5% CO~2~.

Flow cytometry
--------------

The binding affinity of labeled anti-HER3 IgG and antibody fragments to FaDu cells was determined by flow cytometry. 1×10^5^ FaDu cells were incubated with IRDye800CW-labeled IgG or antibody fragments at a concentration of 0.5 µM for 60 min at room temperature, protected from light, followed by three washes with ice-cold PBS, pH 7.4. FaDu cells were then analyzed using a Gallios flow cytometer (Beckman Coulter, Inc.) using Ex 640 nm and Em 745-825 nm (FL8). Live cells were gated on forward and side scatter and 10,000 viable cells were analyzed. IRDye800CW-labeled control IgG or antibody fragments generated against the unrelated maltose-binding protein (MBP) were tested on FaDu cells at 0.1, 0.3, and 1 µM concentrations to confirm that IgG and antibody fragment do not nonspecifically accumulate in the xenograft and to monitor biodistribution. Binding of IRDye800CW-labeled anti-HER3 IgG, Fab, diabody, and scFv-Fc was measured on TrR1 cells (HER3-negative) at 0.1, 0.3, and 1 µM concentrations as a cell line negative control. Flow cytometry data were analyzed using FlowJo software, V10.1 (FlowJo, LLC).

*In vivo* animal imaging
------------------------

All animals used in imaging experiments were cared for and maintained under the supervision and guidelines of the University of Saskatchewan Animal Care Committee. Female CD-1 nude mice were obtained from Charles River Canada (St-Constant, Quebec, Canada) at 4 weeks of age and housed in a 12 h light, 12 h dark cycle in a temperature and humidity controlled vivarium. Animals had ad libitum access to mouse diet (Lab Diet, St. Louis, Missouri) and water. After one week of acclimatization, mice were subcutaneously injected with a suspension of 10^7^ FaDu or TrR1 cells in 100 μL of a 1:1 mixture of serum-free medium and Matrigel matrix basement membrane (Discovery Laboware, Inc. Bedford, MA) at the hind limb of each mouse. Tumor growth was followed by measuring the greatest length and the greatest width of each tumor using an external caliper. Then, tumor volume was calculated using the formula: tumor volume = length × width^2^ × 0.5 [@B41]. When xenografts measured 150-300 mm^3^ in volume, each mouse was injected intravenously with 0.5 nmol of labeled anti-HER3 or control IgG or antibody fragment through the tail vein. Mice were anesthetized with 2.5% isoflurane and imaged at 1, 2, 3, 4, 6, 24, 48, 72 hpi and up to 168 hpi for scFv-Fc and IgG using the Pearl Impulse Imager (LI-COR). The excitation/emission settings were 785/820 nm. The fluorescence signal was overlaid with the white light image captured by a CCD camera of the imager. Images were analyzed using Image Studio Software (version 3.1). Regions of interest (ROI) for xenografts, liver, kidneys, contralateral side and muscle background were selected from equivalent-sized areas containing the same number of pixels. Three ROIs were quantified per organ for each mouse and three mice were imaged per fragment. Antibody fragments raised against maltose-binding protein and labeled with IRDye800CW served as non-specific control in the imaging experiments.

Statistical analysis
--------------------

To compare mean fluorescence intensity in different organs we used two-way analysis of variance (ANOVA) with multiple comparisons using Prism6 version 6. All error bars are standard error of the mean (sem) unless otherwise noted.

Results
=======

Expression and purification of anti-HER3 antibody fragments
-----------------------------------------------------------

We previously developed an anti-HER3 Fab using phage display and showed that it binds human HER3 both *in vitro* and *in vivo* [@B34]. Using this anti-HER3 Fab, we designed an additional four anti-HER3 antibody fragments and an IgG. These were expressed and purified in either *E. coli* BL21 (DE3) (**Figure [1](#F1){ref-type="fig"}A**) or in mammalian Expi293F cells (**Figure [1](#F1){ref-type="fig"}B**). The size and integrity of the IgG and antibody fragments were confirmed using capillary electrophoresis (**Figure [S1](#SM0){ref-type="supplementary-material"}**). Yields for small fragments expressed in *E. coli* ranged from 2 mg/L for diabody to 5 mg/L for scFv and Fab. Mammalian cell expression of larger fragments from one plasmid yielded 39 mg/L and 49 mg/L of scFv-C~H~3 and scFv-Fc, respectively. Expression of IgG from co-transfection with two plasmids resulted in a lower yield of 4 mg/L. Fragments were obtained with purities ranging from 75-96% (**Figure [S1](#SM0){ref-type="supplementary-material"}**).

Affinity of anti-HER3 antibody fragments to recombinant HER3
------------------------------------------------------------

We used biolayer interferometry to measure the binding of the IgG and antibody fragments to recombinant human HER3 (**Figure [S2](#SM0){ref-type="supplementary-material"}A**). The dissociation constants (K~D~) decreased as the valency of fragments increased for scFv fragments (scFv (20 nM) \> diabody (3.0 nM) \> scFv-Fc (0.6 nM) \> scFv-C~H~3 (0.5 nM)) and for the Fab versus IgG (Fab (3.5 nM) \> IgG (0.3 nM)) (**Table [1](#T1){ref-type="table"}**). The monovalent Fab bound stronger than the monovalent scFv due to a higher off rate (k~OFF~) for the scFv, suggesting the scFv structure was less stable. The diabody bound weaker than other divalent fragments and its K~D~ was similar to the Fab, suggesting scFv moiety binding was not stable or that scFv was not oriented optimally to simultaneously engage recombinant HER3. Bivalent scFv-C~H~3, scFv-Fc, and IgG bound similarly with subnanomolar K~D~. The anti-HER3 IgG preferentially bound human HER3 with 100-fold higher affinity over murine HER3 (**Figure [S2](#SM0){ref-type="supplementary-material"}B** and**Table [1](#T1){ref-type="table"}**).

Binding of anti-HER3 antibody fragments to FaDu and TrR1 cell lines
-------------------------------------------------------------------

We used flow cytometry to measure the binding of anti-HER3 IgG and antibody fragments to endogenous HER3 expressed on FaDu cells, a model of squamous cell carcinoma of the head and neck that expresses HER3 [@B42],[@B43]. IgG and antibody fragments were labeled with IRDye800CW, which has an absorption maximum of 774 nm and an emission maximum of 789 nm. We labeled antibody fragments at a ratio between 1-2 IRDye800CW molecules per antibody fragment. Labeling the IgG and antibody fragments with IRDye800CW had little effect on their K~D~ (**Table [1](#T1){ref-type="table"}**). The K~D~ of scFv-C~H~3 was affected the most, increasing from 0.5 to 2.1 nM. We measured binding of antibody fragments to FaDu cells at a concentration of 0.5 µM (**Figure [2](#F2){ref-type="fig"}A**). At this saturating concentration, all antibody fragments bound similarly to FaDu cells. Anti-HER3 IgG and fragments (Fab, diabody, and scFv-Fc) did not bind to HER3-negative TrR1 cells (**Figure [2](#F2){ref-type="fig"}B**). A control IgG and antibody fragments generated against maltose-binding protein and labeled with IRDye800CW at a ratio 1.1-2.0 molecules per protein did not significantly bind FaDu cells (**Figure [2](#F2){ref-type="fig"}C**).

Fluorescence imaging of anti-HER3 antibody fragments in xenograft-bearing mice
------------------------------------------------------------------------------

We evaluated the effectiveness of anti-HER3 antibody fragments as fluorescent imaging probes for HER3-positive FaDu xenografts. We imaged mice injected with IRDye800CW-labeled IgG or antibody fragments intravenously at different time points (**Figure [3](#F3){ref-type="fig"}A**). Antibody fragments accumulated in xenografts at early time points with scFv and scFv-C~H~3 fragments showing faster clearance of background fluorescence, allowing visualization of the xenografts at 4 hpi. The scFv fragment showed high clearance through the kidneys as early as 1 hpi. By 6 hpi the fluorescence of the scFv fragment started clearing from the xenograft. Xenografts were detectable at 6 hpi with diabody, Fab, and scFv-C~H~3 fragments. At 24 hpi, diabody, Fab, scFv-C~H~3, scFv-Fc, and IgG showed accumulation in xenografts with minimal background fluorescence. By 72 hpi antibody fragments with molecular weight less than 100 kDa were mostly cleared from mice. The fluorescence of larger anti-HER3 imaging probes (scFv-Fc and IgG) persisted in xenografts up to 72 hpi. By 72 hpi no significant fluorescence was observed in liver or kidneys for the IgG or antibody fragments.

To confirm that the accumulation of the anti-HER3 IgG and antibody fragments in FaDu xenografts was selective, we imaged an IgG and two control antibody fragments generated against the unrelated maltose-binding protein (MBP) that did not bind HER3 (**Figure [3](#F3){ref-type="fig"}B**). We used anti-MBP Fab as a model for the small monovalent fragments (scFv, Fab), anti-MBP diabody as a model for the bivalent fragments that lacked the Fc domain (diabody and scFv-C~H~3), and anti-MBP IgG as model for the large fragments containing an Fc (scFv-Fc and IgG). Two small, anti-MBP antibody fragments were rapidly cleared from the mice through kidneys with minimal xenograft fluorescence at 6 hpi and no fluorescence at 24 hpi (**Figure [3](#F3){ref-type="fig"}B**). Fluorescence intensities of anti-HER3 scFv and Fab in xenografts were significantly higher than those of anti-MBP Fab at 4 and 6 hpi, while anti-HER3 diabody and scFv-C~H~3 fluorescence intensities were higher than that of the anti-MBP diabody at 4 and 6 hpi (p value \<0.01) (**Figure [S3](#SM0){ref-type="supplementary-material"}-S4**). Anti-MBP IgG took longer to distribute and cleared from the mice at a slower rate, mainly through the liver. By 24 hpi there was low fluorescence in the FaDu xenografts (**Figure [3](#F3){ref-type="fig"}B**) in contrast to the significantly higher fluorescence observed with anti-HER3 IgG and scFv-Fc (p value \<0.05) (**Figure [S5](#SM0){ref-type="supplementary-material"}**).

We imaged the anti-HER3 Fab, diabody, scFv-Fc and IgG in mice bearing a control HER3-negative TrR1 xenograft (**Figure [3](#F3){ref-type="fig"}C**), which showed no binding to these imaging probes by flow cytometry (**Figure [2](#F2){ref-type="fig"}B**) [@B34]. These imaging probes were of interest to us because they showed higher fluorescence signal in the HER3-positive xenografts than their size-equivalent anti-MBP control (**Figure [3](#F3){ref-type="fig"}C**). There was negligible accumulation of anti-HER3 IgG and antibody fragments in the control TrR1 xenografts (**Figure [3](#F3){ref-type="fig"}C**).

We compared the accumulation of IgG and antibody fragments in liver, kidneys, and xenografts. Liver fluorescence was quantified using ventral images of mice. Xenograft and kidney fluorescence was quantified from dorsal images of mice. We plotted mean fluorescence intensities in different organs against imaging time points (**Figure [4](#F4){ref-type="fig"}** and**Figure [S3](#SM0){ref-type="supplementary-material"}-S7**), which showed that the highest fluorescence intensity in xenografts was observed with scFv-Fc and IgG, which peaked between 4-6 hpi (**Figure [5](#F5){ref-type="fig"}A**). The fluorescence intensity of the Fab and diabody peaked around 3-4 hpi, but had lower intensity than the IgG and scFv-Fc. The fluorescence of the scFv and scFv-C~H~3 peaked between 2-3 hpi. The anti-HER3 IgG and antibody fragments had high initial liver fluorescence that cleared within 24 hpi. IgG and larger antibody fragments (scFv-C~H~3 and larger) primarily clear through the liver [@B20], consistent with the observed liver accumulation for the anti-HER3 and anti-MBP IgGs and larger antibody fragments. Surprisingly, smaller anti-HER3 antibody fragments (scFv, Fab, diabody) showed accumulation in the liver even though they were expected to clear through the kidney [@B49], [@B50]-[@B52]. Mice have been previously shown to have HER3 expression in the liver [@B53], and the anti-HER3 IgG was found to bind recombinant mouse HER3 (**Figure [S2](#SM0){ref-type="supplementary-material"}B**), but with a higher K~D~ than with human HER3 (31.8 nM versus 0.3 nM). Together, this suggested that the liver accumulation, particularly for small fragments, was due to endogenous HER3 expression in the liver. Capillary electrophoresis did not show any significant aggregation of labeled small anti-HER3 fragments, excluding the possibility that liver accumulation was due to higher molecular weight aggregates (data not shown). In support of this, we observed that at 6 and 24 hpi, the anti-HER3 Fab peaked at \>1500 fluorescence arbitrary units (AU) in the liver, whereas the anti-MBP Fab peaked at \~250 AU and the anti-HER3 diabody peaked around 1500 AU and the anti-MBP diabody peaked around 500 AU (**Figure [4](#F4){ref-type="fig"}**). In contrast, the kidney distribution was dependent on the molecular weight of the fragment. scFv, diabody, and Fab had high kidney fluorescence, most likely due to kidney excretion of these fragments through filtration. The scFv-C~H~3, scFv-Fc, and IgG had minimal kidney fluorescence due to their higher molecular weights, which were above the renal molecular weight cut-off. Control small fragments, Fab and diabody, were mainly excreted through kidneys with low liver accumulation. The control IgG localized mainly to the liver with minimal kidney fluorescence.

We measured the fluorescence of a contralateral site on xenografted mice as a proxy measurement for background tissue levels of the IgG and antibody fragments. Anti-HER3 scFv and Fab showed the fastest clearance with contralateral fluorescence values at 24 hpi decreasing to 10% and 14% of their initial values at 1 hpi, respectively. They were followed by diabody and scFv-C~H~3, which decreased to 19% and 21%, respectively over the same period. On the other hand, scFv-Fc and IgG fluorescence in the contralateral site decreased to 67% and 50% respectively, and their contralateral fluorescence did not differ significantly (p value \>0.05) (**Figure [S8](#SM0){ref-type="supplementary-material"}**). By 24 hpi the fluorescence intensities of anti-HER3 scFv-Fc and IgG in the contralateral site were at least triple those of scFv, diabody, Fab, and scFv-C~H~3 (p value \<0.01), indicating slower clearance of scFv-Fc and IgG compared to antibody fragments lacking the Fc domain (**Figure [4](#F4){ref-type="fig"}**).

The fluorescence accumulation of the anti-HER3 fragments was also measured in a control TrR1 xenograft (**Figure [4](#F4){ref-type="fig"}**). The fluorescence signal in the TrR1 xenograft was lower than the signal in the FaDu xenograft at all time points (except the diabody at 1 hpi was slightly higher in the TrR1 xenograft). The anti-HER3 antibody fragments had similar kidney and liver distribution in mice bearing either FaDu or TrR1 xenografts (**Figure [4](#F4){ref-type="fig"}**).

There was a direct proportional correlation between size and time to reach maximum signal in the xenograft (**Figure [5](#F5){ref-type="fig"}A**) with a Pearson correlation of 0.90. Similarly, the Pearson correlation between the size of anti-HER3 IgG or antibody fragments and the maximum signal reached in the xenograft was 0.80 (**Figure [5](#F5){ref-type="fig"}B**). The anti-MBP diabody and Fab reached a maximum of less than 350 AU in less than 2 hpi, while the anti-MBP IgG maximum signal (\<300 AU) was reached in less than 4 hpi (**Figure [5](#F5){ref-type="fig"}C**). The smallest antibody fragment, anti-HER3 scFv, reached a maximum signal \>500 AU at 2 hpi, while anti-HER3 Fab, diabody, and scFv-C~H~3 all reached signals \>600 AU between 2.5-3.5 hpi. Larger IgG and scFv-Fc reached signals \>900 AU at 4.5 and 5.5 hpi, respectively.

Tumor to background ratio (TBR) was calculated for anti-HER3 imaging probes and non-specific anti-MBP probes using the mouse forelimb muscle fluorescence signal as background. In FaDu xenografts, the TBR of the anti-HER3 IgG and antibody fragment imaging probes was 5 or greater at 24 hpi and further increased up to 72 hpi (**Figure [5](#F5){ref-type="fig"}D**). By 72 hpi, anti-HER3 scFv and Fab fragments showed the highest TBR; however, the xenograft fluorescence signal of these imaging probes at 72 hpi was low (60-120 AU). In contrast, anti-HER3 scFv-Fc and IgG imaging probes had TBRs greater than 6 and 9, respectively, and had higher fluorescence signals of \~350 AU. Anti-MBP Fab and diabody had comparable TBRs to their anti-HER3 counterparts up to 24 hpi, but at 48 and 72 hpi TBRs were significantly higher for anti-HER3 probes. Despite comparable TBRs of non-specific tracers signal intensities were significantly higher for anti-HER3 probes at these early time points (Figure [S3](#SM0){ref-type="supplementary-material"}-S4). The signal for anti-MBP probes steadily decreased in the xenograft in contrast to anti-HER3 probes, which showed accumulation at the early time points followed by clearance later (**Figure [S3](#SM0){ref-type="supplementary-material"}-S4**). This fast clearance of the anti-MBP probes resulted in very low background signals, which gave high TBRs values even with the low fluorescence signal of these probes in xenografts, making them unsuited for imaging. The anti-HER3 IgG had higher TBRs than the non-specific anti-MBP IgG at all time points and anti-MBP IgG TBRs were below 5 at all time points. The TBR was calculated for Fab, diabody, scFv-Fc, and IgG imaging probes in HER3-negative TrR1 xenografts. For these imaging probes, TBRs remained less than 5. The TBR for the Fab imaging probe was significantly higher in FaDu xenografts compared to TrR1 xenografts at 24, 48, and 72 hpi (p values \< 0.05, \<0.0001, \<0.0001, respectively). The TBR of the diabody and the scFv-Fc were significantly higher in FaDu xenografts compared to TrR1 xenografts at 72 hpi (p value \< 0.05). The TBR of the IgG was significantly higher at 6, 24, 48, and 72 hpi (p values \<0.05, \<0.001, \<0.0001, and \<0.0001, respectively).

Discussion
==========

We compared an IgG and five antibody fragments targeting human HER3 as optical imaging probes for HER3-expressing xenografts. Antibody fragments ranged in molecular weight from 25 kDa to 150 kDa and had either monovalent binding (scFv, and Fab) or bivalent binding (diabody, scFv-C~H~3, scFv-Fc, and IgG). Two fragments tested had an Fc domain (scFv-Fc and IgG), while one fragment had the C~H~3 domain of the Fc (scFv-C~H~3). IgG and antibody fragments were labeled with IRDye800CW, which is an ideal fluorescent dye for *in vivo* imaging as it avoids interference caused by the natural background fluorescence of tissues [@B44].

We analyzed the effect of valency on binding to recombinant HER3 and observed that the bivalent fragments bound stronger to HER3, which was consistent with increased avidity seen previously with diabody and IgGs relative to the scFv and Fab [@B45]. The monovalent scFv bound weaker to HER3 relative to the bivalent diabody, scFv-C~H~3, and scFv-Fc. Similarly, the Fab bound weaker than the IgG. The major difference in binding between the monovalent and bivalent fragments was a slower k~OFF~ for bivalent fragments. For the monovalent fragments, the scFv had a higher K~D~ than the Fab, with the scFv having a faster k~OFF~. In this case, constant domains (C~H~1, C~L~) of the Fab may play a role in stabilizing Fab binding to its target [@B46]. Previous reports suggested that the C~H~1 domain plays a role in structuring the antigen-binding site into a more kinetically competent form [@B47]. For the bivalent fragments, the diabody had the highest K~D~ due to its fast k~OFF~. In this case, the scFv domains in the diabody may not be optimally oriented to engage two HER3 molecules, or the diabody may be less stable than the other bivalent fragments. The anti-HER3 antibody and fragments bound endogenous HER3 expressed on the FaDu cell line equally well at saturating concentrations.

We used mice engrafted with HER3-positive FaDu xenografts to characterize accumulation of the anti-HER3 IgG and antibody fragments. We observed correlations between fragment size and time required to obtain maximum xenograft fluorescence and the intensity of the xenograft fluorescence. Smaller fragments required less time to attain a maximum fluorescence signal in the xenograft and had lower xenograft fluorescence. The exception to these trends was the scFv-C~H~3 fragment, which had a maximum signal similar to the smaller diabody and required less time to reach its maximum signal. It is possible the scFv-C~H~3 was not stable *in vivo* [@B48] or the lack of a Fc domain caused it to clear similarly to the diabody.

We also compared mice engrafted with HER3-positive FaDu and HER3-negative TrR1 xenografts to characterize liver and kidney biodistribution and body clearance of the anti-HER3 IgG and its fragments. The IgG and antibody fragments accumulated in the liver at early time points. This liver distribution has been reported previously for IgG, scFv-Fc, and scFv-C~H~3 [@B20], but was not expected for fragments below 60 kDa as they were below the filtration molecular weight cut-off of the kidneys [@B49] and scFvs do not generally accumulate in the liver [@B50]-[@B52]. Liver accumulation has been reported previously for a small anti-HER3 affibody and this is proposed to be due to the interaction with endogenous HER3 expression in the liver [@B53] and this was likely the cause for the observed liver accumulation. Both affibody [@B53] and anti-HER3 antibody fragments bound murine HER3. In support of this, we did not observe significant accumulation of the anti-MBP control Fab and diabody fragments in the liver, whereas the control anti-MBP IgG showed high levels of liver accumulation.

We observed a correlation between fragment size and kidney accumulation. Smaller anti-HER3 and anti-MBP control antibody fragments with molecular weights below the renal filtration cut-off (scFv, Fab, and diabody) showed high levels of kidney accumulation at early time points. Previous studies have shown that scFvs [@B50]-[@B52], Fabs [@B54],[@B55] and diabodies [@B9],[@B52] are primarily cleared through the kidneys. The anti-MBP control IgG, anti-HER3 IgG and larger antibody fragments (scFv-C~H~3 and scFv-Fc) showed much lower accumulation in the kidneys. For IgGs, the anti-HER3 IgG showed higher initial kidney accumulation than the anti-MBP control IgG and the anti-HER3 scFv-C~H~3 and scFv-Fc; the reason for this accumulation was not clear. However, PET imaging of patients injected with another anti-HER3 IgG (^89^Zr-lumretuzumab) also showed high tracer accumulation in kidneys [@B7].

We measured the fluorescence of a contralateral site to the xenograft as a proxy measurement for background tissue levels of IgG and antibody fragments. We observed that antibody fragments lacking an Fc domain showed faster rates of fluorescence clearance from the contralateral site. The smallest fragments (scFv and Fab) showed the fastest levels of contralateral site clearance followed by the diabody and scFv-C~H~3. This correlation between the clearance from the contralateral site and the presence of the Fc domain was likely due to the recycling of Fc domain-containing proteins back to the circulation through FcRn receptor [@B4],[@B5].

Williams *et al.*, previously compared properties of a set of antibody fragments (scFv, diabody, scFv-C~H~3, F(ab´)2, and IgG) based on an anti-carcinoembryonic antigen IgG and analyzed the imaging figure of merit (IFOM), which determines how rapidly a statistically significant tumor image can be acquired [@B56]. IFOM values indicated the suitability of diabody antibody fragment for early imaging of xenografts at 3-5 hpi. The scFv-C~H~3 and F(ab´)2 gave statistically significant tumor images at later time points ranging between 10-20 hpi. IgG was suited for imaging only as time exceeded 36 hpi. The scFv resulted in the lowest IFOM values, showing the unsuitability of using scFvs to image tumors. These results indicated that the diabody, scFv-C~H~3, and F(ab´)2 were suited for linking to short-lived radionuclides, while IgG was suited for longer-lived radionuclides [@B56]. This study predicted that smaller fragments would be better for same day imaging and larger fragments for longer imaging for the anti-carcinoembryonic antigen.

We observed that the anti-HER3 IgG and antibody fragments had similar TBRs that increased over time. The absolute fluorescence intensity in the xenograft was higher for the Fc-containing imaging probes (IgG, scFv-Fc), especially at 72 hpi where the TBRs were highest. Thus, for targets like HER3, which have low receptor density [@B32] on the tumor and endogenous expression in tissues, imaging probes with longer circulation times are needed to provide sufficient time to accumulate at high levels in the tumor and clear from tissues. The larger Fc-containing fragments (IgG, scFv-Fc) have the required longer circulation half-lives and would be suitable for imaging-guided surgery, which is an intraoperative or endoscopic procedure where high fluorescence signal and TBR are desirable for tumor detection and margin delineation, respectively. The larger Fc-containing fragments would also be useful for PET imaging using radionuclides with long half-lives. Smaller antibody fragments would not be suitable for imaging-guided surgery as they did not have high fluorescence signals when their TBR was high: at early time points their fluorescence signal was high; however, their TBR was low at these time points. The Fab may be useful for PET imaging at early time points as it showed the highest xenograft fluorescence of the antibody fragments without an Fc domain. The Fab has the advantage of faster body clearance, which for PET would allow the use of short-lived radionuclides and reduce radiation exposure.

Conclusion
==========

There are currently no FDA-approved imaging probes for monitoring *in vivo* HER3 expression in tumors. Here, we constructed a set of six imaging probes consisting of an IgG and antibody fragments, ranging in size from 25 kDa to 150 kDa with monovalent or bivalent binding, and analyzed their imaging properties. We examined their xenograft accumulation, biodistribution, and clearance properties to identify antibody fragments that showed the best properties for developing PET/SPECT and imaging-guided surgery probes. We observed a correlation between antibody fragment size and time to reach maximum signal and the value of the maximum signal. TBRs of the anti-HER3 IgG and antibody fragments increased over time with the Fc-containing imaging probes showing the highest fluorescence after 72 hpi. HER3 is expressed at low levels in the tumor and has endogenous expression in tissues. The best images of HER3-positive xenografts were obtained with HER3 imaging probes with longer circulation times. Longer circulation half-lives provide imaging probes sufficient time to accumulate in the tumor and to clear from other tissues.
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AU

:   fluorescence arbitrary units

CE-SDS

:   chip-based capillary electrophoresis-sodium-dodecyl sulfate

C~H~1

:   constant heavy domain 1

C~H~2

:   constant heavy domain 2

C~H~3

:   constant heavy domain 3

DMEM

:   Dulbecco\'s minimal essential medium

*E. coli*

:   Escherichia coli

Fab

:   antigen-binding fragment

Fc

:   crystallizable fragment

FcRn

:   neonatal Fc receptor

HER2

:   human epidermal growth factor receptor 2

HER3

:   human epidermal growth factor receptor 3

hpi

:   hours post-injection

IFOM

:   imaging figure of merit

IgG

:   immunoglobulins

K~D~

:   dissociation constant

MBP

:   maltose-binding protein

NIR

:   near-infrared

PBS

:   phosphate buffered saline

PCR

:   polymerase chain reaction

PET

:   positron emission tomography

%ID/g

:   percent injected dose per gram

scFv

:   single chain variable fragment

TBR

:   Tumor to background ratio

V~L~

:   variable light domain

V~H~

:   variable heavy domain.

![**A schematic representation of anti-HER3 IgG and antibody fragments with their calculated molecular weights. (A)** Anti-HER3 antibody fragments expressed in bacteria (scFv, Fab, and diabody). **(B)** Anti-HER3 IgG and fragments expressed in mammalian cells (scFv-C~H~3, scFv-Fc, and IgG). C~H~1, constant heavy domain 1; C~H~2, constant heavy domain 2; C~H~3, constant heavy domain 3; C~L~, constant light domain; V~H,~ variable heavy domain; V~L~, variable light domain, dotted line indicates disulphide bond.](thnov08p4856g001){#F1}

![**Binding of anti-HER3 and anti-MBP probes to cell-lines. (A)** Flow cytometry histograms showing the binding of anti-HER3 scFv, Fab, diabody, scFv-C~H~3, scFv-Fc, and IgG to FaDu cells. Light gray: unstained FaDu cells. Dark gray: FaDu cells stained with 0.5 µM (in triplicate) of IgG or antibody fragments labeled with IRDye800CW. **(B)** Flow cytometry histograms showing the binding of anti-HER3 Fab, diabody, scFv-Fc, and IgG to TrR1 cell line. Dark gray histogram: unstained TrR1 cells. Light gray: TrR1 cells stained with 0.1, 0.3, and 1 µM of anti-HER3 IgG or antibody fragments labeled with IRDye800CW. **(C)** Flow cytometry histograms showing the binding of anti-MBP control Fab, diabody, and IgG to FaDu cells. Dark gray: unstained FaDu cells. Light gray: FaDu cells stained with 0.1, 0.3, and 1 µM of IgG or antibody fragments labeled with IRDye800CW.](thnov08p4856g002){#F2}

![**Near-infrared imaging of the anti-HER-IRDye800CW probes to murine xenograft models.** Representative near-infrared posterior whole-body images merged with white light images of CD-1 nude mice bearing subcutaneous xenografts (right hind flank) at 4, 6, 24, and 72 h post-intravenous injection with 0.5 nmol of imaging probe. **(A)** HER3^+^ (FaDu) xenografts imaged with anti-HER3 scFv, Fab, diabody, scFv-C~H~3, scFv-Fc, and IgG labeled with IRDye800CW, or **(B)** HER3^+^ (FaDu) xenografts imaged with control anti-MBP Fab, diabody, and IgG. **(C)** HER3^-^ (TrR1) xenografts imaged with anti-HER3 Fab, diabody, scFv-Fc, and IgG labeled with IRDye800CW. The fluorescence scale is shown on the right of the images. Xenografts are indicated with white arrows and kidneys (K) and background forelimb muscle (B) are indicated with arrow heads. Contralateral site (C) is indicated with dotted circles.](thnov08p4856g003){#F3}

![**Biodistribution analysis of IRDye800CW-labeled IgG and antibody fragments in mice bearing FaDu xenografts.** Mean fluorescence signal (arbitrary units) for control anti-MBP Fab, diabody, and IgG in HER3^+^ (FaDu) xenograft (dotted blue lines), anti-HER3 scFv, Fab, diabody, scFv-C~H~3, scFv-Fc, and IgG in HER3^+^ (FaDu) xenograft (solid red lines), and HER3^-^ (TrR1) xenograft (dashed green lines) in liver, kidney, and contralateral site. Data are the average from three mice and error bars represent standard error of the mean.](thnov08p4856g004){#F4}

![**Summary of IRDye800CW-labeled IgG and antibody fragments imaging parameters. (A)** Anti-HER3 IgG and antibody fragments time to reach maximum fluorescence signal in FaDu xenograft (Tmax, Y-axis), against molecular weight of the IgG and antibody fragments (MW, kDa, X-axis). **(B)** Anti-HER3 IgG and antibody fragments value of maximum fluorescence signal in FaDu xenograft (Smax, Y-axis), against molecular weight of the IgG and antibody fragments (MW, kDa, X-axis). Straight line is linear fitting of data points and gray zone represents 95% confidence interval of fitting. **(C)** The maximum fluorescence signal (Smax) in FaDu xenografts at the maximum time (Tmax) post injection of anti-HER3 IgG and antibody fragments and control anti-MBP antibody fragments labeled with IRDye800CW. **(D)** Tumor to background ratio of xenograft signal compared to mouse forelimb muscle signal at 1, 4, 6, 24, 48 and 72 h post-intravenous injection of 0.5 nmol of anti-HER3 or anti-MBP probe in HER3^+^ (FaDu) or HER3^-^ (TrR1) xenografts. Error bars represent standard error of the mean.](thnov08p4856g005){#F5}

###### 

Anti-HER3 IgG and antibody fragments binding kinetics.

  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Antibody Format   Valency      Average Expression Yield (mg/L)   Average K~D~ (nM)   Average k~ON~ (×10^4^ M^-1^ s^-1^)   Average k~OFF~ (×10^-4^ s^-1^)   Average K~D~ of IRDye800CW -labeled antibody (nM)
  ----------------- ------------ --------------------------------- ------------------- ------------------------------------ -------------------------------- ---------------------------------------------------
  scFv              Monovalent   5                                 20 ± 1.4            3.3 ± 0.1                            5.4 ± 0.3                        29 ± 3.7

  Fab               Monovalent   5                                 3.5 ± 0.1           4.9 ± 0.1                            1.7 ± 0.1                        3.2 ± 0.1

  diabody           Bivalent     2                                 3.0 ± 0.2           15 ± 0.1                             4.4 ± 0.3                        2.4 ± 0.2

  scFv-C~H~3        Bivalent     39                                0.5 ± 0.1           9.6 ± 0.1                            0.5 ± 0.1                        2.1 ± 0.1

  scFv-Fc           Bivalent     49                                0.6 ± 0.1           7.8 ± 0.2                            0.5 ± 0.1                        0.9 ± 0.1

  IgG               Bivalent     4                                 0.3 ± 0.1\          2.6 ± 0.1\                           0.10 ± 0.01\                     0.5 ± 0.1
                                                                   (31.8 ± 0.5)\*      (0.5 ± 0.1)\*                        (1.7 ± 0.1)\*                    
  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

\* Anti-HER3 IgG binding kinetics to murine HER3
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